Background: Platelet activation and consumption are common in critically ill patients and are associated with poorer prognosis. Mean platelet volume is a simple surrogate for platelet activation, with higher MPV being associated with worse clinical condition on a large array of clinical diagnoses. We therefore aimed to investigate associations between changes in platelet count and mean platelet volume (MPV) with prognosis and inflammatory cytokine values in critically ill patients. Methods: This study prospectively included 84 critically ill patients. Patients were stratified into four groups according to proportional changes in MPV (ΔMPV 24h ) and platelet count (ΔPlat 24h ) in the first 24 hours after admission. Mortality between groups was compared using the χ 2 test. Logistic regression was performed using hospital mortality as outcome and Simplified Acute Physiology Score (SAPS 3), ΔPlat 24h and ΔMPV 24h as covariates. Concentrations of the following inflammatory mediators were measured using Miliplex® technology: IL1β, IL6, IL8, IL10, epidermal growth factor, vascular endothelial growth factor, TNFα and IFNα. Cytokine concentrations were compared between groups using the Kruskal-Wallis test with Bonferroni correction.
Background
Inflammation is ubiquitous during the course of critical illness, regardless of its cause [1] . One of the hallmarks of inflammation, endothelial dysfunction, is involved in the pathway of organ dysfunction and may be associated with platelet activation and consumption [2, 3] . Therefore, it is not surprising that absolute platelet count and trends in this variable are reportedly to be strongly associated with prognosis in critically ill patients [4, 5] .
Inflammatory and thrombotic conditions may also alter platelet size, which can be detected on routine blood cell analysis by evaluation of mean platelet volume (MPV) [6] [7] [8] . Furthermore, the MPV is affected by aging of platelets and varies according to the balance between production and destruction. In several inflammatory clinical conditions, the degree of inflammation and changes in MPV appear to be correlated; however, the impact of this is controversial [6] [7] [8] . A prospective study of neonatal sepsis concluded that septic newborns have greater MPVs than those without sepsis, whereas a prospective study in adults suggested that low platelet volumes are associated with poorer prognoses in septic adults [6] [7] [8] . Furthermore, because there is a strong inverse correlation between platelet count and MPV in healthy individuals, trends in platelet count should be considered when evaluating MPV [8] .
This study aimed to evaluate the impact of changes in MPV and platelet count in the first 24 hours after ICU admission on hospital mortality in an unselected sample of critically ill patients. Our initial hypothesis was that both an increase in MPV and decrease in platelet count in the first 24 hours after ICU admission would be associated with higher hospital mortality in critically ill patients. As secondary endpoints, we sought to evaluate the association between concentrations of several cytokines on admission and changes in MPV and platelet count.
Methods

Study design
This study was a sub-analysis of a prospective observational study that aimed to evaluate the inflammation and acid-base status of critically ill patients. The study was approved by Hospital das Clinicas' Ethics Committee (registry number 1207/09). Exclusion criteria for the study were: age < 18 years; pregnancy; history of HIV with criteria for acquired immunodeficiency syndrome; current diagnosis of cancer on chemotherapy; previous diagnosis of acute or chronic hematologic cancer; use of chronic immunosuppressant medication other than steroids. Low platelet count was not an exclusion criterion. All patients or their legal surrogates provided written informed consent for inclusion in the study.
Patient sample
Of the 87 patients enrolled in the main study from February 2010 to January 2012, 84 had valid measurements of MPV on admission to the ICU and were included on this analysis. Relevant clinical variables and illness severity (as assessed by the Simplified Acute Physiology Score (SAPS 3) score [9] ) were recorded in all patients.
Blood sample and measurements
Blood for the performed measurements analysis was drawn from patients on the morning after ICU admission and placed in tubes with ethylenediamine tetraacetic acid until sample processing. In our institution, the mean time between drawing of blood samples and start of sample processing is approximately one hour. In our ICU, platelet analysis is performed daily as part of routine care. Platelet number and MPV were measured using automated machines (Sysmex XT2000i, Sysmex, Kobe, Japan). When aggregated platelets were present on the automated report, a manual check was performed as part of the routine laboratory procedures at our institution. Percentage change in MPV in the first 24 hours after admission (ΔMPV 24h ) was defined as:
where MPV day2 is the MPV value for the sample collected 24 hours after admission and MPV admission is the MPV value for that collected on ICU admission. Changes in platelet count in the first 24 hours after admission (ΔPlat 24h ) were calculated as percentage in a similar way:
where Plat day2 is platelet count on the day following ICU admission and Plat admission is the platelet count on admission.
Concentrations of inflammatory mediators (cytokines and chemokines) were measured using Miliplex® technology (Merck, Genese Diagnostics, Darmstadt, Germany), a multiplex method for cytokine analysis. Miliplex-assessed concentrations of the following cytokines are included on this analysis: IL1β, IL6, IL8, IL10, epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), TNFα and IFN.
Statistical analysis
Data were tested for normality using the Kolmogorov-Smirnov test or Shapiro-Wilk test, as appropriate. Continuous normal data were compared using Student's t-test or analysis of variance. Continuous non-parametric data were compared with the Mann-Whitney test or Kruskal-Wallis test, as appropriate. Fisher's exact test or χ 2 test was used for dichotomous variables. A P-value < 0.05 was considered significant. Bonferroni or Tukey post hoc correction was used for multiple comparisons, if needed. When multiple dichotomous comparisons were performed, the P-value was adjusted using Keppel-modified Bonferroni correction:
where df is number of degrees of freedom [10] . Patients were categorized into the following four groups according to ΔMPV 24h and ΔPlat 24h : decrease in platelet count and decrease in MPV (ΔPlat 24h ≤ 0/ΔMPV 24h ≤ 0 group); decrease in platelet count and increase in MPV (ΔPlat 24h ≤ 0/ΔMPV 24h > 0 group); increase in platelet count and decrease in MPV (ΔPlat 24h > 0/ΔMPV 24h ≤ 0 group); and increases in both platelet count and MPV (ΔPlat 24h > 0/ΔMPV 24h > 0 group). Two different approaches were employed to evaluate the impact of changes in ΔMPV 24h and ΔPlat 24h on hospital mortality. First, mortality was compared between the aforementioned four groups. Second, logistic regression was performed using hospital mortality as the outcome of interest and SAPS 3 score, ΔMPV 24h and ΔPlat 24h as predictors. Because platelet count and MPV may be correlated, interactions between ΔMPV 24h and ΔPlat 24h were included in the model. We assessed collinearity between variables through measurement of variance inflation factor (VIF). A stepwise selection method was then performed to remove variables from the model. The results of the final model were further confirmed in a bootstrap analysis on 10,000 replications. We planned to evaluate the discriminative capability of hospital mortality for the model obtained from linear regression and SAPS 3 score through a receiver operating characteristics (ROC) curve and computation of the area under curve (AUC). The ROC curves for SAPS 3 and for the model obtained were compared using DeLong´s test. Calibration was evaluated through Hosmer-Lemeshow test and through a calibration plot obtained after 10,000 bootstrap replications. Because platelet count may reach its nadir up to four days after ICU admission, another logistic regression analysis was performed comparing changes in MPV and platelet count on the fifth day of ICU stay (ΔMPV day5 and ΔPlat day5 ) with admission values; the fifth day values were calculated similarly to ΔMPV 24h and ΔPlat 24h .
Cytokine concentrations were also compared between the four patient groups. Associations between admission MPV, ΔMPV 24h , admission platelet count and ΔPlat 24h in the whole sample and concentrations of each of the measured cytokines were evaluated by linear regression.
The association between platelet count and MPV at admission and between ΔMPV 24h and ΔPlat 24h was also evaluated by linear regression analysis.
All analyses were performed using R project software (www.r-project.org) version 2.15.2 and Sigmaplot version 12.0 (Systat Software, California, USA).
Results
In all, data for 84 patients were studied (Table 1) . One patient died on the day of admission and, therefore, did not have data necessary for calculating ΔMPV 24h and ΔPlat 24h . Forty-eight percent of the study patients were admitted because of sepsis. The most common sources of infection were lungs (thirteen patients), intravascular catheter (five patients), bloodstream (five patients), urinary tract (four patients) and abdomen (three patients). The commonest reasons for admission of non-septic patients were acute cardiogenic pulmonary edema (nine patients), ischemic stroke (five patients), exacerbation of chronic pulmonary obstructive disease (three patients) and acute subarachnoid hemorrhage (three patients). Only three patients were admitted after elective surgery (two colectomies and one nephrectomy); all surgical patients survived. No patients required extracorporeal membrane oxygenation or intraaortic balloon pump. During the study time window, renal replacement therapy (RRT) was required in 24 patients; continuous hemofiltration with citrate region anticoagulation was the initial method used in all hemodynamic unstable patients (fourteen patients); of those, six were converted to the intermittent method after hemodynamic stabilization. The ten remaining that were hemodynamically stable at initiation of RRT were treated with intermittent dialysis. Heparin was used in intermittent dialysis at the discretion of the consulting nephrology team.
The numbers of patients in each group according to platelet evaluation were as follows: 24 (29%) patients in the ΔPlat 24h ≤ 0/ΔMPV 24h ≤ 0 group; 26 (31%) in the ΔPlat 24h ≤ 0/ΔMPV 24h > 0 group; 22 (27%) in the ΔPlat 24h > 0/ΔMPV 24h ≤ 0 group and 11 (13%) in the ΔPlat 24h > 0/ΔMPV 24h > 0 group. The general characteristics of all study patients (stratified as survivors and non-survivors), as well as MPV and platelet count values at admission and on the first three days of ICU stay, are shown in Table 1 .
Platelet counts at 24 and 48 hours after admission were lower in non-survivors. MPVs were similar between survivors and non-survivors at each time point evaluated. Both ΔMPV 24h and ΔPlat 24h were associated with mortality according to univariate analysis. Platelet count was negatively associated with MPV at admission (β = −3.12; P < 0.001; model r 2 = 0.16). There was a significant but weak linear association between ΔMPV 24h and ΔPlat 24h (β = −0.04; P = 0.015; model r 2 = 0.05).
Mortality was higher for patients in the ΔPlat 24h ≤ 0/ ΔMPV 24h > 0 group (46%) than for those in the ΔPlat 24h ≤ 0/ΔMPV 24h ≤ 0 (20%) and ΔPlat 24h > 0/ΔMPV 24h ≤ 0 (14%) groups (P = 0.025 and 0.015, respectively). Numbers of survivors and non-survivors in all four groups are shown in Figure 1 .
According to logistic regression analysis after stepwise selection, only SAPS 3 (odds ratio (OR) 1.05 per each point increase; 95% CI 1.01 to 1.09) and ΔMPV 24h (OR 1.28 per 1% increase; 95% CI 1.08 to 1.48) were associated with higher hospital mortality. Neither ΔPlat 24h nor the interaction between ΔMPV 24h and ΔPlat 24h were associated with increased hospital mortality. Confidence intervals after bootstrap analysis were 1.01 to 1.10 for SAPS 3 and 1.04 to 1.56 for ΔMPV 24h . VIF between SAPS 3 and ΔMPV 24h was low (1.06). Density plots for ΔMPV 24h in survivors and non-survivors are shown in Figure 2 . A plot for hospital death probability constructed from logistic regression and ΔMPV 24h values is shown in Figure 3 . A three-dimensional plot of the regression plane of hospital mortality and SAPS 3 and MPV 24h values is shown in Figure 4 . The model obtained had a non-statistically significant higher AUC when compared to SAPS 3 alone (0.79; 95% CI 0.67 to 0.91 versus 0.70, 95% CI 0.58 to 0.83) ( Figure 5 ). Both the model and SAPS 3 were calibrated according to Hosmer-Lemeshow test (P = 0.60 for the model and P = 0.32 for SAPS 3). However, calibration plot shows that the addition of MPV to SAPS 3 score reduces systematic errors in prognostication in the whole range of probabilities ( Figure 6, panels A and B) . The secondary logistic regression analysis included 77 patients and SAPS 3 score, ΔMPV day5 , and ΔPlat day5 . According to this analysis, only ΔMPV day5 (OR 1.12 per 1% increase; 95% CI 1.02 to 1.22) was associated with increased hospital mortality.
There was no difference in admission cytokine concentrations between the four studied groups ( Table 2) . 
Discussion
Our study has two important findings. First, despite having similar MPV values on admission, non-survivors had higher ΔMPV 24h than did survivors. Patients with decreased platelet counts and increased MPVs at 24 hours had the highest mortality rates of all patient groups. Second, according to logistic regression analysis, only higher ΔMPV 24h values and SAPS 3 scores were associated with increased mortality; changes in platelet count in the first 24 hours had no impact on short-term prognosis. The addition of ΔMPV 24h to SAPS 3 tended to improve the discriminative capacity of SAPS 3 score, although the difference did not reach statistical significance. Nevertheless, calibration of SAPS 3 score was improved when ΔMPV 24h was added to the model, with important reduction of systematic errors in prognostication. MPV is a useful prognostic marker in myriad medical conditions, including ischemic heart disease, infective endocarditis and cerebral infarction [11] [12] [13] . Only a few studies have assessed MPV in critical illnesses. Four of these, case series performed in the 1980s and 1990s, highlighted that sepsis is associated with increased MPV [14] [15] [16] [17] . More recently, in a larger prospective study, Oncel et al. also reported high MPVs in septic newborns [7] . Aydemir et al. reported that increases in MPV in septic adults persist for days, being more prolonged in patients with fungal infections [18] . Becchi et al. evaluated the impact of MPV and platelet count on prognosis of critically ill septic patients and concluded that lower MPVs on admission were associated with increased mortality [6] . However, these authors also highlighted that MPV tends to increase in non-survivors and decrease in survivors, with platelet counts having an inverse trend [6] . Taken together, these findings suggest that trends in changes in MPV and platelet counts may be more reliable markers of poor prognosis than the corresponding absolute values. The discrepancies between baseline MPV values in previous reports may be related to variations in sources of samples (septic versus non-septic, newborns versus adults) [6, 7] . Because inflammation and endothelial activation are reportedly universally present in the acutely ill [2, 19] , we tried to expand the patient groups in which changes in MPV may be relevant to prognosis by studying a broader range of critically ill patients. In our study, survivors and non-survivors had similar admission MPVs. Nevertheless, we found that patients in the ΔPlat 24h ≤ 0/ΔMPV 24h > 0 group had a higher mortality than those in the other patient groups. According to logistic regression analysis, ΔMPV 24h but neither ΔPlat 24h nor the interaction between ΔMPV 24h and ΔPlat 24h were associated with higher hospital mortality. This suggests that progressive platelet activation after the initial insult may be a marker of increasing endothelial injury, thus indicating a more severe illness [20] . There are two possible explanations for the absence of association between changes in platelet count and mortality. First, a 24-hour interval may be too short to evaluate fluctuations in platelet count during an ICU stay [5] . We therefore performed a secondary logistic regression analysis on data from the fifth day after ICU admission. The results of this analysis were similar, suggesting that the time window is not the sole factor responsible for the lack of association between changes in platelet count and mortality. Second, it is conceivable that changes in platelet count were a surrogate for changes in MPV in the previous studies [4, 5] . In our study, even before stepwise regression, ΔPlat 24h was not associated with hospital mortality. Another important difference between our analysis and previous studies is that we have included thrombocytopenic patients [5] . Therefore, it is conceivable that MPV is more sensitive to prognosis than platelet count when this population is taken into account.
Despite the complex and important interplay between cytokine concentrations and platelets [21] , we could not find any significant differences between the four study groups in measured cytokine concentrations on ICU admission. The apparent absence of such an association may reflect the small size of our sample and the very wide distribution of cytokine values; this combination of factors could have prevented our findings from reaching statistical significance. Moreover, we did not measure direct markers of endothelial injury and activation such as adhesion molecules, von Willebrand factor and thrombomodulin, which are reportedly more closely linked to platelet activation and consumption [22] . Therefore, our failure to identify an association does not necessarily denote that reductions in platelet counts and increases in MPV are not associated with increased inflammation; rather, it could mean that other mechanisms, including endothelial injury, play a more important role [20] .
Our study has several limitations. First, in similarity to previous analysis, we did not account for variations in platelet measurement essays. Platelets also display a nycthemeral variation. We tried to minimize this bias by always collecting samples at the same time during ICU admission. Being a single center study, it may have been subject to local bias. We tried to overcome the effects of small sample size and minimize type II error by performing a robust and restrictive statistical analysis. In addition, as mentioned before, the small sample size may have limited the study's power to detect differences in cytokine concentrations. We also had no data on markers of endothelial injury. Finally, the use of dynamic markers of illness severity (such as daily changes in Sequential Organ Failure Assessment (SOFA) score) could have been useful to further interpret the association Figure 6 Calibration plot for Simplified Acute Physiology Score (SAPS 3 -Panel A) and for the model (SAPS 3 + MPV 24h -Panel B). Note that adding ΔMPV 24h reduces systematic errors of SAPS 3 score on the whole range of probabilities. Mean absolute error was also smaller for the model (0.02 versus 0.03). between ΔMPV and prognosis. Therefore, our results should be seen as a hypothesis-generating analysis for further prospective studies.
Conclusion
In a diverse group of critically ill patients, an increase in MPV in the first 24 hours after admission was independently associated with increased mortality. There was no significant association between inflammatory cytokine concentrations and changes in MPV and platelet count after ICU admission.
